Seedling recruitment of heterogeneous Setaria faberi seed entering the soil post-abscission is elucidated herein. This is the third in a series of three articles providing evidence that weedy Setaria seedling recruitment behavior is predicated on dormancy state heterogeneity at abscission (seed heteroblasty), as modulated by environmental signals. Complex oscillating patterns of seedling emergence were observed during the first half of the growing season in all 503 soil burial cores of the 39 populations studied. These patterns were attributed to six distinct dormancy phenotype cohorts arising from inherent somatic polymorphism in seed dormancy states (canalized phenotypes). Early season cohorts were formalized using a mixture model consisting of four normal distributions. Two, numerically low, late season cohorts were also observed. Variation in emergence patterns among Setariapopulations revealed a fine scale adaptation to local conditions. Seedling recruitment patterns were influenced by both parental-genotypic (time of embryogenesis) and environmental (year, common nursery location, seed age in the soil) parameters. The influence of seed heteroblasty on recruitment behavior was apparent in that S. faberipopulations with higher dormancy at the time of dispersal had lower emergence numbers the following spring, and in many instances occurred later, compared to those less dormant. Heteroblasty was thus the first determinant of behavior, most apparent in recruitment number, less so in pattern. Environment modulated seedling numbers, but more strongly influenced pattern. The resulting pattern of emergence revealed the actual "hedge-bet" structure forSetaria seedling recruitment investment, its realized niche, an adaptation to the predictable mortality risks caused by agricultural production and interactions with neighbors. These complex patterns in seedling recruitment behavior support the conjecture that the inherent dormancy capacities of S. faberi seeds provides a germinability 'memory' of successful historical exploitation of local opportunity, the inherent starting condition that interacts in both a deterministic and plastic manner with environmental signals to define the consequential heterogeneous life history trajectories. This is the third in a series of three articles providing evidence that weedy Setaria seedling recruit ment behavior is predicated on dormancy state heterogeneity at abscission (seed heteroblasty), as modulated by environmental signals. Co mple x oscillating patterns of seedling emergence were observed during the first half of the growing season in all 503 soil burial cores of the 39 populations studied. These patterns were attributed to six distinct dormancy phenotype cohorts arising fro m inherent somatic poly morphis m in seed dormancy states (canalized phenotypes). Early season cohorts were formalized using a mixtu re model consisting of four normal distributions. Two, numerically low, late season cohorts were also observed. Variation in emergence patterns among Setaria populations revealed a fine scale adaptation to local conditions. Seedling recruit ment patterns were influenced by both parental-genotypic (time of embryogenesis) and environmental (year, co mmon nursery location, seed age in the soil) parameters. The influence of seed heteroblasty on recruitment behavior was apparent in that S. faberi populations with higher dormancy at the time of dispersal had lower emergence numbers the follo wing spring, and in many instances occurred later, co mpared to those less dormant. Heteroblasty was thus the first determinant of behavior, most apparent in recruit ment nu mber, less so in pattern. Environ ment modulated seedling numbers, but mo re strongly influenced pattern. The resulting pattern of emergence revealed the actual "hedge-bet" structure for Setaria seedling recruit ment investment, its realized niche, an adaptation to the predictable mortality risks caused by agricultural production and interactions with neighbors. These comp lex patterns in seedling recru it ment behavior support the conjecture that the inherent dormancy capacities of S. faberi seeds provides a germinability 'memory' of successful historical exp loitation of local opportunity, the inherent starting condition that interacts in both a determin istic and plastic manner with environ mental signals to define the consequential heterogeneous life history trajectories.
Introduction
Setaria faberi is a very successful invasive agricu ltural weed because of its ability to form long-lived soil seed pools of heterogeneous seed (see first and second articles in this series) that cycle annually between dormancy and germination candidacy until environmental conditions allow germination and emergence to occur ( Figure 5 , second article in this series). This paper examines seedling emergence fro m the soil of those same populations and is the third in a series on the seed-seedling life h istory of this weedy species.
Seedling recru it ment is an irreversib le, co mmitted step in the life history of a plant. It is the time when the annual S. faberi plant resumes autotrophic growth, assembles in local agro-commun ities, and begins interactions with neighbours.
As such, its timing is crucial to subsequent behaviours, including survival and reproductive success. Seedling emergence timing is a trade-off between the risks of mortality fro m disturbance and competition with neighbours and explo itation of opportunity space-time to accu mulate biomass and produce seed. S. faberi has evolved in agro-ecosystems characterized by annual d isturbance and selection by predictable farming practices (e.g., p lanting, tillage, herbicides, harvesting). The variable risks in these agricultural habitats have not led to a single, best time to germinate.
Is there a pattern to the period icity of S. faberi seedling recruit ment? Past research only reveals a qualitative pattern: an early flush of seedling emergence in the spring (April-June) wh ich decreases as temperatures warm, followed by low numbers during the late season (e.g., Forcella, et al., 1992 Forcella, et al., , 1997 . Is it possible to discover a mo re precise, quantitative pattern to seedling emergence? If so, does it bear a relationship to seed heteroblastic patterns among the same seeds at abscission?
A successful survival strategy for a p rolific seed Recruitment: III. Seedling Recruitment Behavior producing species like Setaria may be to disperse heteroblastic seeds able to take advantage of as many recruit ment opportunities as are available, in both seasonal time and field space. The resulting pattern of seedling eme rgence timing may reveal the 'hedge-bet' for individual Setaria fitness. We hypothesize that there exists a pattern to Setaria seedling recruit ment timing which is predicated in the first instance on the dormancy state heterogeneity (seed heteroblasty) at abscission. This pattern in the second instance is modulated by the environ ment (year, co mmon nursery location, seed age in the soil). Thus, patterns in Setaria emergence will reflect the h istorically advantageous recruit ment times (opportunity) enabling survival and reproductive success. Table 1 . Location (name, latitude, longitude) and nomenclature (lot no., name) of S. faberi populations grouped by year of abscission and collection. 1 Population names consist of 3 parts: a prefix letter designating the population location, two digits designating the collection year, and two digits designat ing the Julian week of abscission and collection. All locations were in Ames, IA, except S.E. Research Station, near Crawfordsville, IA; R was 100m west of Hinds (H) For this study, a Setaria population was defined as a specific co mb ination of Setaria location and seasonal time of abscission (table 1) . Seeds collected fro m the sameccc location but at different seasonal times were treated as samples fro m d ifferent populations rather than repeated measures of the same population. The reason for this was that seed dormancy phenotypes developing early in the season differ fro m those developing later in the season due to the strong influence of photoperiod on dormancy induction (Dekker, 2004; Dekker et al, 1996) .
Locations. S. faberi seeds were collected fro m a local area around Ames, IA (table 1) . Most were less than 3km fro m each other. The geographic range was restricted to allow characterizat ion of localized population phenotypic (heteroblastic) dormancy structure (see second article in this series). In 1999, seeds were also collected fro m two distant locations in Iowa (near Crawfordsville, about 194km fro m Ames) to gain some initial perspective on regional heteroblastic variation. All seeds were gathered from Setaria monocultures, ensuring no contamination fro m non-target Setaria species occurred. When seed was collected fro m the same site in different years the site was protected fro m human interference.
Seasonal time of abscission. Setaria seed development occurs continuously fro m July through November (Julian week (JW) 26-48) depending on environmental conditions. To evaluate the effects of time of abscission during this seed rain period, seed was collected fro m most of the locations at discrete intervals roughly corresponding to August (early; JW 31-35), September (middle; JW 36-39) and October (late; JW 40-42) (table 1). Our Julian week calendar assumes 29 days for every February.
Seed Collection and Preparation
Ripe, recently abscised (e.g., 0-5 days; Dekker et al., 1996) seed were collected fro m each population and dried at room temperature (20℃) and ambient hu midity. Twelve hundred hard, dark, mature seeds fro m each lot were counted manually to provide six rep lications of 200 seeds per population (3 rep licat ions at each of the two nurseries). Further procedural details are given in Jovaag, Dekker, and Atchison 2009a.
Seed Burial
Seeds were buried in t wo co mmon location, agricu ltural nurseries. Nurseries were on the Iowa State University Agricultural Experiment Research Station, at Johnson Farm, Ames, and the Southeast Research Station near Crawfordsville, Iowa (table 1) .
Field soil seedbank site preparation. The areas selected for this study had been previously maintained as turf grass (primarily bro megrass, Bromus sp.) for more than 12 years. Well in advance of burial, these areas were treated with a 3% solution of glyphosate (isopropylamine salt of N-(phosphomethyl) glycine; Roundup  ) to kill the grass sod. After allowing time for the herbicide to work, the dead sod was tilled to a depth of about 20cm using a rototiller. Time was allo wed for continued decay of the sod and the area was tilled again. Finally, the soil was raked s mooth and even for seedbed preparation. Soil cores were removed periodically in the experimental areas to confirm that no previous, contaminating S. faberi seeds were present.
Crop (soybean) rows were planted 96cm apart. Individual S. faberi seed burial sites (soil cores) were located in the inter-ro w area. Burial sites were arranged in a co mp letely randomized design using three replications.
Burial procedure. At each burial site, three equidistant meta l-staffed marker flags were used to define an 11cm diameter round "core" area. A 7cm diameter, 10cm deep (volu me: 390cm³), soil core was extracted fro m the centre of the three flags. The soil was placed in a dishpan and thoroughly mixed with 200 seeds from a population (seed density: 0.5seeds/cm³). The soil was then carefully returned to the hole fro m wh ich it was extracted. Seed burial occurred one to three weeks after the seed was harvested (table 1) .
Field management. No-till Roundup Ready  soybeans were p lanted each spring between the soil core rows, simu lating normal stand density and row spacing and ensuring the seed-soil cores were undisturbed. Both chemical and manual weed control methods were used to keep the plots weed free. Soybeans were harvested by hand and threshed, then the residue was redistributed over the entire plot area.
Seedling Emergence Data Collection
Each week in 1997-2000, fro m spring through autumn when the soil was not frozen, emerged seedlings in each core were counted, then killed by severing them at the soil surface to prevent them fro m influencing subsequent germination and emergence.
Anal ysis

Statistical Model
Seedling emergence in the first half of the season (Julian weeks 14-31) showed a co mplex oscillat ing pattern ( figure  1 ). Mixture models, that is, models wh ich are a co mbination of two or more simp le distributions, are often flexib le enough to fit such complex patterns, yet still provide parameters for interpretation and comparison. Determination of the number of distributions in the mixture is a difficu lt problem which has not been completely resolved (McLach lan & Peel 2001 To test the hypothesis that Setaria seedling recru it ment timing is predicated on the dormancy state heterogeneity at abscission, seed germinability of S. faberi populations at abscission was compared to their cumu lative seedling emergence the following spring. Direct co mparison of seed germinability nu mbers and emergence numbers was not possible because of the differing experimental methods needed in each case. Thus, the comparison was made on the relative rankings of the populations. Setaria populations were first ranked fro m least to most germinable at the time of abscission (rankings given in Jovaag, 2006). The populations were then ranked fro m least to most cumulative emergence at five different times during the first year after burial (Julian weeks 18, 20, 24, 28, and 48). The first three t ime points used (JW18, 20, 24) were intermediate to the four distribution mean times used to model emergence (table 2) . Julian week 28 was shortly after the fourth mean. The last date was chosen to contain all first year emergence. The germinability ranking at abscission was then compared to the emergence ranking at each chosen time point using Spearman's rank correlation, a nonparametric test of association that does not require specific distributional assumptions.
To further co mpare emergence and heterogeneity at abscission, the emergence patterns of the seed dormancy (after-ripening, A R) groups developed in the first article of this series were also analyzed using four distribution mixtu re models. Table 2 . Calendar of historical, seasonal times (Julian week, month) of agricultural field disturbances (seedbed preparation; planting; weed control, including tillage and herbicides; time after which all cropping operations cease, layby; harvest and autumn tillage), and seedling emergence timing for central and southeastern Iowa, US, Setaria faberi population cohorts (all S. faberi combined: time, +/-S.E.; mean proportion; see 
Results
Spring Emergence
A consistent pattern was observed in the number of Setaria seedlings emerging during the spring (JW 14-31): periods of high emergence (local maxima) followed by intervening min ima (figure 1): This oscillating pattern occurred in all 503 cores of the 39 populations studied over three years in two common burial n u rseries , althou gh the mag n itude an d timin g o f the os cillations varied amon g th e co res . To mo del th ese oscillat ions, spring emergence data was analy zed using a mixtu re model consisting of four normal d istributions with equal standard deviations (see model discussion in materials and methods: analysis). The model had four emergence periods (local maxima) separated by intervening minima. However, when mean times were close, or the proportion in one of the distributions was very small, two or more o f the distributions combined to form one peak, resulting in a model with two or three peak emergence periods. This resulted in the close coincidence of the models (solid curved lines in figures 2-3) with the frequency histograms of the actual data (bars in figures 2-3). In the following sections "peak" is used when referring to a local maxima in the model. The "distribution", "mean t ime" or "proportion" refers to one of the four underlying normal distributions (dotted lines in figures 2-3). Separate models were obtained for each year and common nursery. Additionally, separate models were obtained for seeds of different ages in the soil, for seed collected from co mmon locations during the early, middle and late periods of the seed rain, and for the AR groups developed in the first article in this series.
Spring and Earl y Summer Emergence
Mi d Summer through Autumn Emergence
General Emergence Pattern
Overall, S. faberi seedling emergence during the first half of the first year after burial (Julian weeks 14-31) had an oscillating pattern with three sequentially decreasing peaks (figure 2, top left). Fifty percent of the emergence during this period occurred within the first peak, wh ich consisted of the small early spring distribution and the large mid spring distribution (table 3) . The late spring distribution formed the second, somewhat smaller (30%) peak. The early summer distribution formed the third and smallest peak. Th is overall response of S. faberi can be deconstructed to reveal the separate influences of years (1997-1999) and co mmon burial nurseries (Crawfordsville, Johnson) on the spring emergence pattern.
Years. Seedling emergence patterns differed between years primarily in the proportions of emergence occurring within each distribution (table 3, The proportion of emergence during early su mmer was greater during the 2000 season than during the 1998 or 1999 seasons. Further, in the 1998 season (1997 populations), the mid spring distribution had the largest proportion. In the 1999 season (1998 populations), the mid and late spring proportions were about equal, and larger than the other two. In the 2000 season (1999 populations), the late spring distribution had the largest proportion. Mid and late spring t iming means also differed between years, though timing had a lesser effect than proportion on the emergence pattern.
Co mmon nurseries. The mid spring through early summer mean t imes were about a week earlier at Johnson than at Crawfordsville, the mean time of the early spring distribution was similar at both nurseries (table 3, figure 2 ). The proportions of emergence during mid spring and early summer were 7-8% greater at Johnson than at Crawfordsville, while the proportions during early and late spring were 7-9% lower. Variability was greater at Crawfordsville than at Johnson. On average, the total number of seeds emerging during the spring (JW 14-31) was greater at Johnson than at Crawfordsville.
Year by co mmon nursery interaction. Overall, the influence of year was greater than that of co mmon nursery on the spring emergence patterns during the 1998 and 1999 seasons. However, the mean time for each distribution was earlier during the 1998 season than during the 1999 season at Crawfordsville, but later or similar at Johnson (table 3) . A lso, the greatest proportion of emergence in 1998 occurred during early spring at Johnson, but during mid spring at Crawfordsville. Differences between the common nurseries were mo re apparent during the 2000 season. At Crawfordsville in 2000, emergence occurred primarily fro m early spring through late spring, with the greatest proportion (42%) during late spring (table 3) . At Johnson in 2000, emergence primarily occurred during late spring and early summer, with largest proportion (55%) during early summer.
Seed Age in the So il
Emergence patterns among seeds of different ages in the soil were co mpared within a season (1999 or 2000; figure 3 ). Both years, the total nu mber of seeds emerg ing during the spring (JW 14-31) declined rapidly as seed age in the soil increased (table 4) . Patterns in emergence timing and proportion between the first and second year after burial differed depending on the season. Data for the third year after burial was only availab le for the 2000 season. Emergence timing for the third year after burial was similar to that for the second year after burial. Emergence proportion for the third year after burial was greater during late spring and less during early su mmer than for the first or second years. Emergence proportion for the third year after burial was similar to that of the second year during early and mid spring.
Seasonal Time of Abscission
Populations of seed that matured during JW32, JW 36 and JW40 were collected fro m eight locations; four in each of 1998 and 1999. These twenty-four populations provided a basis for the co mparison of emergence patterns among seed with varying seasonal times of abscission.
The 1998 populations (during the 1999 season) and 1999 populations (during the 2000 season) were modelled separately because of the strong influence of annual climat ic conditions. Models with the years combined were also obtained to examine general patterns.
Co mparison of early-middle-late. During the 1999 season, the total number of seeds emerg ing during the spring (JW14-31) was lower for the early (JW32, August 1998) maturing seed than for seed maturing during the middle (JW36, September 1998) seasonal period, which in turn was lower than the total emergence fro m late (JW40, October 1998) maturing seed (table 5). During the 2000 season, there was no statistical difference in the number of seeds emerging fro m the early, middle and late maturing 1999 populations. Emergence timing was similar among early, middle and late maturing populations, with a few exceptions. The mean time of the early spring 1999 distribution was earlier fo r the middle 1998 populations than for the 1998 early or late populations. The 2000 early spring distribution was also earlier fo r the 1999 early and middle populations than for the 1999 late populations. The mean time of the 2000 early summer distribution was earlier for the 1999 midd le populations than for the 1999 early and late populations. Patterns in the emergence proportions among early, midd le and late maturing populations were equivocal, and varied with year. 
. Co mparison of Emergence with Seed Heteroblasty at Abscission
The hypothesis that Setaria seedling recruit ment t iming is predicated on the dormancy state heterogeneity at abscission was tested in two ways. First, seed germinability of S. faberi populations at abscission was compared to their cumu lative seedling emergence at five different times (Julian weeks 18, 20, 24, 28, and 48) during the following year using Spearman rank correlat ions. Second, the emergence patterns of the heteroblastic AR groups developed in the first art icle in this series were co mpared using four recruit ment distribution mixtu re models.
Cu mulat ive emergence. There was a positive correlat ion between dormancy capacity at abscission and the cumulative number of seeds emerged at all five times during the first year after burial for the 1998 S. faberi populations, and at Julian weeks 28 and 48 for the 1999 populations, as indicated by the Spearman coefficients. For the 1998 populations, Spearman coefficients at each time were between .53 and .73 (p-values<.02). For the 1999 populations, there was no statistical correlation between dormancy capacity at abscission and cumulative emergence in 2000 at JW18-24 (Spearman coefficients .30-46, p-values .22-.06), but there was a positive correlation at JW28 (.59, p-value=.01), and at JW48 (.52, p-value=.03).
Cu mulat ive 1999 spring emergence numbers (JW14-31) for the 1998 heteroblastic AR groups also showed an association with dormancy capacity at abscission. AR group 1, the least dormant group, had more spring emergence than AR group 2, which in turn had more spring emergence than AR group 3, the most dormant group (table 6). Spring 2000 emergence for the 1999 AR groups was more variable, thus there was no clear association between AR group and cumulat ive emergence.
Emergence pattern: 1998 AR groups. A four peak spring 1999 emergence pattern was observed for each of the three 1998 A R groups ( figure 3, middle row) . The proportion of seeds emerging during the early su mmer 2000 increased fro m AR group 1 (the most germinable group) to AR group 3 (the least germinable group) (table 6). Proportions in the other distributions also varied, but the pattern was unclear. The mean times of peak emergence were generally similar among the three groups.
Emergence pattern: 1999 AR g roups. The spring 2000 emergence patterns for the 1999 A R groups were mo re variable than for the 1998 heteroblasty groups (figure 3; table 6), with the exception of the 1999 group 3, which consisted of a single population with an unusual germination pattern (see first article in this series). The proportion of emergence occurring during mid spring 2000 was higher for group 1 (the most germinable group) than for groups 2 or 4. Proportions in the other distributions also varied, but the pattern was unclear. The mean times of peak emergence in 2000 for the 1999 AR groups varied more than for the 1998 groups. The mean time of the early summer 2000 peak was earlier for group 1 than the mean time for g roup 2, which in turn was earlier than the mean time for group 4. Other patterns in timing were less clear.
Summer and Autumn Emergence
Fo xtail seeds can germinate and emerge even in December (figure 1, right; table 2 ). The number o f seeds emerging after mid July (JW32) was very low, thus no statistical model was used. However, some patterns did emerge.
Burial Year
Many populations commenced emergence of s mall numbers of seedlings in the autumn o f the burial year, most prominently in 1997. Emergence during the autu mn of the burial year occurred during JW43-44 in 1997, during JW38-49 in 1998, and during JW42-47 in 1999. Eighty-three percent of the 94 population/common nursery combinations had 1% or less of their seeds emerge during the summer and autumn of the burial year. On ly O97-36, O97-37 and W98-40 had more than 2% emergence during the burial year. 
First Year After Burial
Late season (JW32-49) recruit ment in the first year after burial occurred in only a few populations, and only with seed that matured in September or October (least dormant at abscission) of the previous year. Late season recruitment only occurred in two cohorts: mid-summe r (JW 32-35) and autumn (JW 45-49). Mid -summer emergence occurred only in mid and late maturing populations (collected after JW35). Autumn emergence occurred only for O97-37 at Johnson during the 1998 season; no autumn emergence occurred in the 1999 or 2000 seasons. Late summer and autumn of 1998 was warmer than that of 1999 or 2000. No population averaged more than 0.5% emergence (1 seed/core) during the summer and autumn of the first year after burial, and most had none at all.
Second Year After Burial
Late season recruit ment in the second year after burial only occurred in mid -summer (JW32-35). Mid -summer emergence averaged less than 0.67%, and most populations (74%) had none. Data was available only fo r populations buried in 1997 and 1998.
Th ird year after burial
One O97-37 seed emerged during JW33 of the third year after burial (2000 season). Data was availab le only for populations buried in 1997.
Discussion
General Seedling Recruitment Pattern
A complex pattern of S. faberi seedling emergence was observed consisting of six d iscrete cohorts during the growing season (JW16-49; table 2). The majority were recruited during four early season (JW16-31) emergence periods, and a small minority during two later season (JW32-49) emergence flushes. This complex pattern of discrete, discontinuous seedling emergence was unexpected. A priori expectations were of a large, continuous flush of emergence in early season followed by low, sporadic numbers during the late season, as reported previously (e.g., Forcella et al 1992, 1997).
Early Season Recruitment
A complex oscillating pattern of S. faberi seedling emergence was observed in the first half of the growing season (JW16-31) in all 503 cores of the 39 populations studied, and formalized using a mixture model consisting of four normal d istributions which consistently fit data fro m different populations and years. The consistent appearance of these four normal distributions provides strong evidence of the existence of discrete recruit ment cohorts arising fro m inherent somatic polymo rphism in seed dormancy states (seed heteroblasty). Changes in the recruitment of early season S. faberi cohorts in response to several factors were reflected in their t iming, the proportional distribution among the individual seasonal cohorts, and the total number of seedlings that emerged.
Parental and environmental influences on recruitment
Fine scale changes in seedling emergence patterns in response to changes in parental qualities (time of abscission) and environmental conditions (year, co mmon nursery, seed age in the soil) indicate that S. faberi has the ability to adapt its behaviour on a fine scale to a locality by generating mu ltip le, well-timed and numbered, pulses of seedlings over the course of the growing season.
Parental Influences
Seed heteroblasty is induced during embryogenesis and modulated by the specific seasonal conditions experienced by the parental plant (Dekker, 2003) . The influence of seasonal environment on dormancy induction is apparent at the time o f seed abscission fro m the parent plant: the earliest maturing (August) seed was more dormant than middle (September) seed, wh ich in turn was more dormant than late (October) seed (first article in series).
The influence of seed heteroblasty was more apparent in recruit ment nu mber, less so in pattern. Total seedling recruit ment in was often inversely related to the time o f seed maturity fro m August to October. This inverse relationship between the time of abscission and the number of seeds subsequently emerg ing during the spring and early summer was observed in 1999 and the second half of 2000. Further, mid-summer to autumn emergence during both 1999 and 2000, while low, came only fro m middle and late maturing populations. During the first half of 2000, there was generally no difference in the emergence numbers, proportions or timing among seeds with different abscission times. This similarity ind icated that environmental conditions dominated emergence patterns in 2000. The greater variat ion in emergence proportion and number during 1999 indicated that environmental conditions were less dominant, and parental variability more influential, than in 2000.
Seed heteroblasty had some influence on emergence pattern: less dormant populations sometimes emerged earlier than more dormant. In years producing more germinable seeds, the majority generally emerged earlier co mpared to those years producing relatively mo re dormant seeds. 1997 seeds were less dormant than 1998 seed, and the majority of 1997 seeds subsequently emerged earlier in 1998 than did 1998 seed recruited in 1999. 1998 seeds were less dormant than 1999 seeds, and the majority of 1998 seeds subsequently emerged earlier in 1999 than did 1999 seed recruited in 2000.
Year
Seasonal conditions (year) had the greatest influence on S. Recruitment: III. Seedling Recruitment Behavior faberi recruit ment relative to other environmental parameters studied. Total emergence was greater in 1999 than in 2000. The timing of emergence varied depending on how the different heteroblastic seed cohorts responded to the different environmental condit ions of a particular year. With changes in year fro m 1999 through 2000 the early spring cohort proportion increased, the mid-spring cohort decreased and occurred earlier, and the late spring cohort proportion increased and occurred earlier. Relative to inherent heteroblastic influences on recruitment, seasonal influences were more apparent in the 2000 season than in the 1999 season (based on Spearman correlations).
Co mmon Nursery
S. faberi seed populations responded differently to the common, local, environ mental conditions in wh ich they were buried in terms of numbers and time o f emergence.
Greater total recruit ment occurred in the Johnson nursery compared to that at Crawfordsville. There was an off-setting temporal shift among emergence cohorts at the two common nurseries. The greater Johnson recruit ment numbers occurred one week earlier in the mid-spring to early summer cohorts.
Seed Age in the So il
There was no consistent relationship of seed age in the soil with the timing and proportion of emergence, evidence of the inherency of seed dormancy capacity. Recruit ment numbers (as well as the soil seed pool size) declined rap idly during the early season (JW16-31) as seed age in the soil increased fro m one to three years.
Relationship of Seed Dormancy Heteroblasty and Seedling Emergence
Fine scale differences in seed dormancy capacities (first article in series), dormancy cycling in the soil (second article in series), and seedling emergence behaviour were observed among S. faberi populations. Further, a clear relationship between these behaviours of a S. faberi population during its seed-seedling life history stages was observed, evidence consistent with the hypothesis that seedling recruit ment is predicated at the outset by seed heteroblasty, and subsequently modulated by the environment.
The life history trajectory of the indiv idual S. faberi seed, fro m anthesis and embryogenesis to germination and seedling emergence was determined in the first instance by the inherent, parentally-induced, dormancy capacity of the seed, but was sensitive to the environmental conditions confronted on different time scales. This, consequential, life history trajectory was first apparent in dormancy-germinability cycling in the soil (second article in series). At the widest temporal scale studied, heteroblastic qualities largely determined the numbers of seeds that are recruited in a single year and locality. On a finer temporal scale (weekly or daily), the distribution and timing (pattern) of seedling emergence was strongly influenced by the unfolding seasonal environ ment. The life history trajectory is therefore both determin istic and plastic, conditional on starting conditions (parentally-induced dormancy capacity) and modulated by environ mental condit ions confronted subsequently. The resulting seedling recru it ment in a locality is an emergent property of these complex interacting factors.
A relat ionship between seed heteroblasty at abscission and its subsequent behaviour in the soil was observed. Individual S. faberi seed populations retained heteroblastic qualities throughout their annual soil germinability cycle (high spring germinability, summer dormancy re-induction, increased autumn germinability). Retention of heteroblasty was evident in the variable proportions of candidate seeds within a single population in the soil at individual seasonal times. The influence of heteroblasty was also apparent in the heterogeneous decline in germinability of seed in the soil fro m early spring to early summer. Further, the germinability pattern of the candidate pool in the soil (h igh in spring, low in summer, somewhat increased in autumn) was consistent with the emergence pattern (high in spring and early summer, low in mid summer, none in late summer-early autumn, low in mid-late autumn).
A relationship between seed heteroblasty at abscission fro m the parent plant and its subsequent seedling recruit ment behaviour was also observed. This influence, modulated by environment, was apparent in both seedling recruit ment numbers and temporal emergence patterns. Evidence of this relationship between heteroblasty and emergence numbers was provided by the positive Spearman correlation between dormancy capacity at abscission and the cumulat ive number of seeds emerged during the first year after burial for both the 1998 and 1999 S. faberi populations. Additionally, mo re dormant populations had lower emergence nu mbers during the first year after burial than less dormant populations. This was more apparent during the 1999 season than the 2000 season. Further evidence was provided by the inverse relationships between time of abscission and subsequent emergence numbers during 1999 and the second half of 2000. Ea rly maturing seed was the most dormant and had the least number of seeds emerg ing. Seed maturing late in the season was the least dormant and had the greatest number of seeds emerging. During the first half of 2000, environ mental conditions strongly dominated emergence numbers and patterns such that no relat ionship with time of abscission was observed. The 1998 seed dormancy heteroblasty (AR) groups (first article in series) also provided evidence of this relationship: the most dormant seed (AR group 3) had the least emergence, while the least dormant seed at abscission (AR group 1) subsequently had the greatest number of seeds emerging. Further, the least dormant seed generally emerged earlier: AR Group 1 had the most early spring emergence, and the least early summer emergence.
Seedling Emergence Hedge-Betting for Assembl y in Agro-Communi ties
The current study provides insights about weedy hedge-betting strategies of S. faberi for invasion, colonizat ion and enduring occupation of central Io wa agricultural fields. Fitness in S. faberi is conferred by strategic diversification of seedling recruitment when confronted by risks fro m agricultural disturbance and heterogeneous, changeable habitats. Evolutionarily, hedge-betting is a strategy of spreading risks to reduce the variance in fitness, even though this reduces intrinsic mean fitness. Hedge-betting is favoured in unpredictable environments where the risk of death is high because it allo ws a species to survive despite recurring, fatal, disturbances. Risks can be spread in time or space by either behaviour or physiology. Risk spreading can be conservative (risk avoidance by a single phenotype) or diversified (phenotypic variation within a single genotype) (Cooper & Kaplan, 1982; Ph ilippi & Seger, 1989; Seger & Brockman, 1987) .
Hedge-betting of seedling recruit ment time and pattern reduces temporal variance in fitness of S. faberi in agroecosystems characterized by annual cycles of disturbance and unpredictable climatic conditions. Ea rlier emergence allows for greater b io mass and potentially explosive seed production at season's end (Dekker 2004), but also has a high risk of death from agricultural practices. Later emergence has a lower potential for seed production, but also a lower risk of death. Thus variation in germination time results in both a decrease in the maximu m and an increase in the minimu m potential seed production, reducing fitness variability and ensuring enduring occupation of the locality. Variation in germination time has the additional benefit of reducing sibling co mpetition, which enhances individual fitness (Cheplick 1996).
Hedge-betting by S. faberi begins with the birth of seeds and the induction of heteroblastic d ifferences that are subsequently echoed in seedling emergence behaviour. The complex pattern of emergence observed in this study reveals the actual hedge-bet structure for central Iowa S. faberi seedling recruit ment, its realized niche. The relative seedling investment made by S. faberi at different times during the season is a consequence of the changing balance between the risk of mortality and the potential fecundity during those periods.
There exists some pred ictability to the primary sources of mortality and recruit ment opportunities for S. faberi in Io wa agroecosystems over the course of their annual life h istories (Tables 2, 7 ). The majority of seedlings are recruited in the spring when the risk of mortality is very high fro m crop establishment practices (seedbed preparation, planting, weed control) and the rewards are the greatest. Weed seedlings emerging early have the greatest time available for bio mass accumulat ion and competitive exclusion of later emerging neighbours. Subsequent fitness devolves on those individual S. faberi plants that escape these disturbances.
Seedling recruit ment in the late spring and early summer is affected by the cessation of all agricultural disturbances and weed control tactics, a t ime termed 'layby' in the Midwestern US. Seeds emerg ing after layby avoid mortality fro m cropping disturbances, and the risk of death shifts to that from interactions with neighbours. Freed fro m cropping disturbance risk, seedlings emerging post-layby face increasing competition fro m crop and weed neighbours and decreasing time for bio mass production. Subsequent fitness devolves on those plants freed fro m hu man intervention that compete effectively with neighbours until harvest, an advantageous opportunity space-time apparent fro m the seedling investment observed. 
